This study was carried out to describe the chemical characteristics of individual residual particles in hexagonal snow crystals, which can provide a clue to the aerosol removal mechanism during snowfall. In the present study, to collect snow crystal individually and to identify the elemental composition of individual residues retained in a hexagonal crystal, an orchestration of the replication technique and micro-particle induced X-ray emission (micro-PIXE) analysis was carried out. Information concerning the elemental compositions and their abundance in the snow crystals showed a severe crystal-to-crystal fluctuation. The residues retained in the hexagonal snow crystals were dominated primarily by mineral components, such as silica and calcium. Based on the elemental mask and the spectrum of micro-PIXE, it was possible to presume the chemical inner-structure as well as the elemental mixing state in and/or on the individual residues retained in single snow crystals.
Introduction
Air pollutants are eventually removed from the atmosphere by precipitation. Precipitation is often referred to as precipitation scavenging, and is one of the most important natural processes for removing ambient particles from the atmosphere. The scavenging activities can proceed by both rain scavenging and snow scavenging.
Previous studies have reported that because snowflakes fall at a slower rate than raindrops, and sweep out a larger area, snowflakes would have had a greater exposure to pollutants to indicate their presence. 1, 2 Ambient particles can act as condensation nuclei when ice forms, either through the direct freezing of cloud droplets, or through the freezing of water deposited as a vapor onto the surface of a particle. In addition to this nucleation scavenging of aerosol particles, snow can sweep out large amounts of particulate matter from the atmosphere.
The problem of snow scavenging of aerosol particles has been subjected to numerous studies. [3] [4] [5] [6] However, such studies incorporated only bulk snow, namely, fresh surface snow and the water from melted snow. Unfortunately, studies of bulk snow are unable to ascertain both nucleation scavenging and wash-out processes of atmospheric particles by snow. Snow scavenging is still outstanding (e.g., relative to raindrops) because the complicated shape of snow crystals makes it difficult to be treated both experimentally and theoretically.
A chemical analysis of the elemental composition in a single snow crystal and the associated individual residual particles should offer an excellent tool to investigate snow scavenging. Few attempts have, however, been made so far with respect to the chemical analysis of single ice crystals and residual particles. [7] [8] [9] In order to understand both nucleation scavenging and wash out processes of ambient particles by snowfall, a study of the chemical characteristics of individual residual particles in snow crystals is indispensable. The aim of this research was to identify the elemental composition of individual residue particles retained in single snow crystal by an orchestration of the replication and microbeam techniques.
Experimental

Replication of individual ice crystals
As a collection method of individual ice crystals, the replication technique was applied to obtain crystal shape for a analysis of residues retained in the inner crystal. Although the details of the replication technique were already mentioned in elsewhere, 10 it can be briefly summarized as follows. The replica formation process of individual snow crystals on Collodion ® film is described in Fig. 1 . Collodion ® is a syrupy liquid compounded with pyroxylin, ether, and alcohol, which dries to a tenacious film. A 200 μL of viscous Collodion ethyl alcohol, replicas of individual crystal containing residues are left on the film.
Collection of individual ice crystals
Until now, most snow and ice samples have been collected in clouds or on mountains. 5 However, in order to thoroughly understand the snow scavenging of pollutants, including belowcloud scavenging, it is ideal to collect snow at a ground-based site. When snow partially contains a liquid phase, it can contain more pollutants than under dry conditions. 5 Hence, in this study, snow crystals were collected at a ground site during the day when the temperature was slightly higher than the freezing point.
Sampling of individual ice crystals using the replication technique was performed at a height of 25 m above ground level of a Kyoto University building (34.80N, 136.00E) located in Uji, Japan on January 2, 2005. During the intensive snowsampling survey, the temperature was around 0.5 C with the average relative humidity being 66%. The wind speed was recorded in the range of 2.4 -3.6 m s -1 . The Meteorological Data Explorer (METEX) 11 backward trajectories (500, 1000, and 3000 m heights of air parcel) of 72 h trajectory length started at our sampling site at 00 UTC, January 2, 2005, indicating that the air mass originating from northwest inflowed into our sampling site.
Detection of elements in individual residual particles retained in snow crystals
For a chemical analysis of a single snow crystal and nonvolatile components in individual residues of an individually replicated snow crystal on Collodion ® film, a micro-particle induced X-ray emission (micro-PIXE) measurement was performed with the facilities of the Takasaki Ion Accelerators for Advanced Radiation Application, Japan. Beam scanning, data acquisition, and the generation of elemental maps were controlled by a computer on the basis of the system program. X-Y beam scanning control signals indicated that the beam position was also digitized at the same time. These data were addressed to 3D matrices in memory space that consisted of 1024 channels for the energy spectra and 128 × 128 pixels for the corresponding beam scan area. Figure 2 displays a photo and a schematic diagram of the beam scanning and dataacquisition system for the micro-PIXE system consisting of advanced HP-Ge:Si (Li) X-ray detectors.
Micro-PIXE measurements were performed with a scanning 2.5 MeV H + micro beam accelerated by a 3 MV single-end accelerator. The beam diameter and beam current were 1 μm and >100 PA, respectively. More detailed analytical procedures and the experimental set-ups used for micro-PIXE are described elsewhere. 
Results and Discussion
Replicas of hexagonal snow crystals retaining residue particles Figure 3 presents several replicas of hexagonal crystal and residual particles distributed on a snow crystal. It was possible to obtain replicas of individual ice crystals successfully on the precooled Collodion ® film without bouncing off. The residual particle distributed on a snow crystal (Fig. 3(b) ) shows that a snow crystal is capable of scavenging a significant amount of ambient particles. Many types of precipitated snow crystals were replicated (including hexagonal plates, stellar dendrites, graupel, and rimed crystals). However, hexagonal plates were the target of this study because all of the snow crystals were based on a hexagonal lattice structure. As compared with other types of crystals, a hexagonal plate is also favorable for understanding of both the nucleation and below-cloud scavenging of particles. Moreover, since the full scanning area of the micro beam applied in this study was small, a whole snow crystal larger than 1 mm could not be analyzed. As shown in Fig. 3 , the replication technique with Collodion ® film allowed us to acquire information about the physical properties of snow crystals, and to subsequently analyze the retained components in and/or on snow crystal replica.
Crystal-to-crystal variation of chemical property
In order to identify the major elemental components and their abundance in individual snow crystals, a portion of each individual crystal with a fixed scanning area (50 × 50 μm) was irradiated by a microbeam. Hence, the chemical properties as a function of the crystal size were ruled out in this study. Figure 4 shows the relative net counts of micro-PIXE for 300 individual hexagonal crystals. The analysis of elemental compositions and their abundance shows a severe crystal-to-crystal fluctuation. There is a tendency towards high abundance for Ca, Cl, and S. It can be undoubtedly recognized that the abundant net counts of Ca, P, K, Si, and Fe can potentially drive mineral origin particles.
Meanwhile, Cl, a representative water-soluble component, exhibits a significant net count of the entire snow crystal, which is suspected to be of marine origin. Elsewhere, several trace elements, like Cr, Cu, V, and Zn, were also detected. The crystal-to-crystal variation of the chemical content might have relevance to many mechanisms, such as condensation nuclei inside crystals, riming, pollutant scavenging, and incorporating efficiency of particles into the falling/developing snow crystal. 
Elemental mixing state of individual residues in and/or on snow crystals
To investigate the specific properties of individual residues of snow crystals, such as the chemical inner-structure and ,the elemental mixing state, micro-PIXE elemental maps were reconstructed. Figure 5 depicts an example of the micro-PIXE elemental maps for the six major components corresponding to individual residual-particles retained in a part (50 × 50 μm) of a single snow crystal. Each elemental map can be drawn by the scanning of about a 1 μm small proton beam on the crystal surface. The X and Y axes are pixels corresponding to the beam scan area, while the Z axis is the intensity of the characteristic X-ray count. Si, S, Ca, and Cl are distributed on the entire portion of the snow crystal. On the other hand, the distribution of Cr and Fe formed at a part of crystal is negligible relative to other elements.
The mask of six kinds of elemental maps is also drawn in Fig. 6 . From this elemental mask, it can be presumed that the chemical inner-structure and the elemental mixing state in and/ or on the individual residues are retained in single snow crystal. A chemical mixing state containing mineral dust, represented by soil, soil + sulfur, and soil + sulfur + chloride, was the dominant residue of snow crystals. Although a thorough understanding of snow scavenging is restricted due to a lack of the analysis of organic material and light elements, it is suggested that mineral particles are dominantly scavenged by falling snow crystals. It can also be said that mineral particles are also one of the most common aerosols playing a considerable role in ice-nucleating.
Targino et al. 5 reported that a group composed of Mg, Si, and Ca represented only 11.8% of the ice crystal residuals observed in orographic wave clouds. It can therefore be speculated that the high abundance of Si-and Ca-rich particles on replica of snow crystals was caused by below-cloud scavenging.
With their relatively slow falling velocity, complex morphology, and especially wet surfaces, snow crystals are suitable for SO2 absorption and conversion to sulfate on their surface. This could be the reason that S is dominantly distributed in many residues. 6 Mixing state of elements in individual residual particles distributed in a portion of a single snow crystal (50 × 50 μm). The area of a quadrangle, which is regarded as a single particle, is 3.57 × 3.57 μm. Figure 7 shows an example of a window screen of micro-PIXE data analysis for a residue retained in a hexagonal snow crystal. The outer and inner spectra in Fig. 7 imply the total counts corresponding to each channel number in a full scanning area (25 × 25 μm), including several residues, and those in only an interested residue located at the center of the entire area, respectively. The inner spectra obtained by the rescanning of micro beam exhibit a high abundance of S with Ca. Hence, this residue can be undoubtedly presumed to be a pure particle with CaSO4 without any internal mixture.
Conclusions
In this work, we identified the elemental composition of individual residues retained in a single snow crystal, while preserving the shape of the snow crystal during analysis through an orchestration of the replication and microbeam techniques. Although the replication technique with Collodion ® did not allow the resolution of the minute surface features of the crystals, it easily facilitated maintaining the residues on the crystal and the subsequent microbeam analysis. Such elements as Ca, Cl, and S were predominantly deposited (or embedded) on and/or in individual snow crystals, and their abundance showed a severe crystal-to-crystal fluctuation. Many mineral components were also chemically mixed with S and Cl. A thorough understanding of snow scavenging was restricted because the kind and number of snow crystals subjected to this study was limited. However, the tentative attempts carried out in this study could allow for the visualization of not only snow crystal shapes, but also the chemical composition of individual residues embedded in and/or on crystal.
